Specificity has always been considered one of the hallmarks of perceptual learning, suggesting that performance improvement would reflect changes at early stages of visual analyses (e.g., V1). More recently, however, this view has been challenged by studies documenting complete transfer of learning among different spatial locations or stimulus orientations when a double-training procedure is adopted. Here, we further investigate the conditions under which transfer of visual perceptual learning takes place, confirming that the passive stimulation at the transfer location seems to be insufficient to overcome learning specificity. By contrast, learning transfer is complete when performing a secondary task at the transfer location. Interestingly, (i) transfer emerges when the primary and secondary tasks are intermingled on a trial-by-trial basis, and (ii) the effects of learning generalization appear to be reciprocal, namely the primary task also serves to enable transfer of the secondary task. However, if the secondary task is not performed for a sufficient number of trials, then transfer is not enabled. Overall, the results lend support to the recent view that task-relevant perceptual learning may involve high-level stages of visual analyses.
Introduction
Perceptual learning (PL) is regarded as a manifestation of neural plasticity (Gilbert, Li, & Piech, 2009 ). It reflects a significant improvement of perceptual skills occurring after a (usually extended) period of practice (Fahle & Poggio, 2002) . In general, practiced people can exhibit impressive perceptual abilities as compared to untrained people. For example, by looking at an X-ray scan an experienced radiologist is capable of detecting imperceptible abnormalities in anatomical structures, or a virtuous musician is capable of detecting small false notes in a chorus, thus showing remarkable abilities to perceive information that is unavailable to non-experts.
Psychophysical and electrophysiological studies (Bao, Chan, & Merzenich, 2001; Buonomano & Merzenich, 1998; Dinse et al., 2003; Kilgard & Merzenich, 1998) have proposed that such improvement of performance is due to neural synaptic modifications caused by the repetitive presentation of the same pattern of stimuli during training. The neural changes occurring in the brain during PL seem quite profound and tend to be retained over months, or even years, and indeed long-lasting changes in performance represent a typical feature of PL (Ball & Sekuler, 1982; Karni & Sagi, 1993) . Another hallmark of PL is specificity for the characteristics of the stimulus and task subjected to training. Numerous studies in the visual domain have documented high specificity of learning for the orientation of a stimulus, for its spatial frequency, its location in the visual field, its direction of motion, and sometimes even for the trained eye in procedures based on monocular training (Ball & Sekuler, 1987; Crist et al., 1997; Fahle, Edelman, & Poggio, 1995; Fahle & Morgan, 1996; Fiorentini & Berardi, 1981; Karni & Sagi, 1991; Schoups, Vogels, & Orban, 1995; Shiu & Pashler, 1992 ; but see Otto, Ogmen, & Herzog, 2009 ).
Because of their response properties, neurons in primary visual cortex encode and convey very specific and detailed information and, consequently, some studies have hypothesized this brain region to be responsible for the large degree of specificity that usually characterizes PL (Fiorentini & Berardi, 1981; Schoups et al., 2001) . However, as pointed out by other authors (Dosher et al., 2013; Mollon & Danilova, 1996; Petrov, Dosher, & Lu, 2005) , the observation that PL is often specific, for example, to retinal location and stimulus' orientation does not necessarily entail that the site of learning involves early visual areas. By contrast, learning might involve higher levels of visual processing, and may consist of improved read-out connections between a central decisional unit and the sensory input areas (Dosher et al., 2013; Zhang et al., 2010b) . In agreement with this idea, different psychophysical and http://dx.doi.org/10.1016/j.visres.2015.01.024 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved.
neurophysiological studies have reported top-down influences from 'higher' stages of visual analyses, suggesting the involvement of a complex interaction between multiple cortical areas (e.g., Dosher et al., 2013; Gilbert, Sigman, & Crist, 2001; Li, Piech, & Gilbert, 2004; Petrov, Dosher, & Lu, 2005) .
Growing evidence has been recently found in support of the hypothesis that PL could reflect largely the tuning of the weights by which different sensory information is conveyed to decision areas (Chowdhury & DeAngelis, 2008) . It seems that PL, at least in the visual modality, does not involve improvements in the way in which the brain represents sensory information, but rather in the way in which the brain interprets the sensory information to instruct behavior. An important study in this respect was conducted by Law and Gold (2008) . The authors trained monkeys on a direction discrimination task, while recording the neuronal activity in the middle temporal area (MT), which represents motion information, and in the lateral intraparietal area (LIP), which transforms motion information into a saccadic choice. Interestingly, the improvement in performance observed during training did not reflect changes in the neuronal activity in MT, but in LIP (Law & Gold, 2008) . Furthermore, in a subsequent study, Gold and colleagues examined the link between perceptual and motor processing. Once a perceptual decision (e.g., direction discrimination) is associated with a specific action (e.g., eye movement to a target at a known location), circuits involved in action selection might not be disconnected from those involved in the decision formation (Connolly, Bennur, & Gold, 2009) .
Despite these important advances, in point of fact, the fundamental topic of where plasticity occurs -what cortical circuits underlie the improvement in performance, and what areas are critical for PL -is still largely debated. Closely linked to this topic is the important question of under which conditions training-induced improvement generalizes to other stimuli, or spatial locations. In the current study, we addressed this last issue.
According to the reverse hierarchy theory, task difficulty is the main factor regulating the extent of transfer of learning (Ahissar & Hochstein, 1997 . In line with the reverse hierarchy theory, it has been shown that learning in motion discrimination can transfer to new motion directions when the difficulty is moderately reduced (Huang et al., 2007; Liu, 1999) . Although more emphasis has been put on task precision rather than task difficulty as a determinant of transfer (Jeter et al., 2009) , the proposed mechanism is that coarse tasks facilitate the recruitment of neurons at higher levels of processing, and the ensuing learning tends to transfer over different stimulus features. Conversely, when facing finer tasks, PL is more likely to occur at lower levels of processing because of the engagement of fine-tuned neurons that make learning more specific.
In addition to task difficulty/precision, other factors have been suggested to affect the degree of learning transfer. It has been shown that the amount of transfer depends inversely on the amount of training (Jeter et al., 2010; Mastropasqua & Turatto, 2015) : the smaller the number of training blocks, the larger the level of generalization. Following this line of evidence, transfer of PL seems dependent not only upon the total amount of training, but even upon the regime of presentation, namely the number of trials within a training session (Aberg, Tartaglia, & Herzog, 2009) .
It has also been pointed out that improvements in positional sensitivity can transfer from one arrangement of task and stimuli (e.g., positional alignment task with vertical oriented stimuli) to a new arrangement (e.g., bisection task with horizontal oriented stimuli), provided that the same spatial axis of the positional judgment (e.g., the horizontal axis) is used in both tasks (Webb, Roach, & McGraw, 2007) . Thus, another critical factor in learning generalization seems to be the recruitment of common population of neurons which are informative for solving the tasks.
Over the last few years, a novel line of research has been proposed and developed to elucidate the mechanisms governing visual PL and the rules explaining specificity and generalization (Wang, Cong, & Yu, 2013; Wang et al., 2012; Xiao et al., 2008; Zhang et al., 2010b) . The initial intuition was that two separate aspects might contribute to PL: potentiation of stimulus-specific features and depotentiation of stimulus-nonspecific features, such as noise generated in the location where the stimuli are presented (Xiao et al., 2008) . To enable learning transfer from one location to another, an additional training needs to be completed in the new position. The same holds true also for transfer of learning across different stimulus orientations: learning generalizes when observers, in addition to be trained at one orientation, are exposed to a second transfer orientation while performing another task (Zhang et al., 2010b) .
Although the innovative double-training procedure seems to lead to remarkable results in terms of learning transfer, some critical questions are left open. In the present study, we tried to identify the fundamental functions carried out by the additional training, in an attempt to clarify the necessary conditions for location transfer to occur.
One possibility is that passive, task-irrelevant stimulation at the transfer location may facilitate learning generalization. This possibility has been recently tested by Wang et al. (2012) . In their first experiment, the authors presented both the task-relevant and the passive stimuli simultaneously, but they failed to report any transfer of learning. The failure, however, could be explained by the fact that the task-relevant stimulus likely captured all attentional resources. Following their hypothesis, focused spatial attention to the trained location could have prevented generalization of learning because of a suppression mechanism that impairs the functional connections between high-level areas and sensory input at the untrained locations. Another possibility is that a task needs to be performed in the new location for transfer of learning to occur. To put it another way, the combination of two factorsstimulus exposure and attention brought by an additional taskmight reveal to be crucial for learning transfer. It is worth noting that, in the aforementioned studies (Wang et al., 2012; Xiao et al., 2008; Zhang et al., 2010b) , the same stimulus (typically a Gabor patch) has been used in both the primary and the additional training. It is still not clear whether, in the double-training method, the use of the same stimulus is a necessary condition for a complete transfer, although Wang et al. (2013) have recently shown that location transfer of a texture discrimination task can be enabled by the execution of an orientation discrimination task.
In a series of experiments, we gradually enriched the additional training with new components. In the first experiment, we employed a standard PL paradigm. Participants were trained for four consecutive daily sessions in a two-alternative forced-choice (2AFC) task at a given location, and then were tested at a new location the day after. The experiment was aimed at showing the classical specificity of learning in standard conditions. In the second experiment we flashed a task-irrelevant visual stimulus after the presentation of the target (a Gabor patch). Participants were asked to perform a discrimination task (the same as in the first experiment) only on the Gabor stimuli at the trained location, while the second stimulus appeared at the transfer location in 80% of the training trials. In the third and fourth experiments, participants performed two tasks in sequence. They first performed the discrimination task on the Gabor patch and, subsequently, they performed a discrimination task on the second stimulus. The aim of these two experiments was threefold: (1) to replicate, with different stimuli and procedure, whether transfer could also be induced when the stimuli used in the two tasks have nothing in common (Wang et al., 2013) ; (ii) to establish whether the two tasks can lead to learning even when performed concurrently and (iii) to test whether the benefits of the double-training procedure are mutual, i.e., whether this procedure can enable transfer from one location to another and vice versa. In the last experiment, we modified the procedure of Experiment 3 so as to render the secondary stimulation task-irrelevant. Thus, by comparing Experiments 3 and 5, we were able to isolate the importance of performing a secondary task for transfer of learning. Indeed, the only difference between Experiments 3 and 5 was the role of the additional stimuli (taskrelevant in Experiment 3, and task-irrelevant in Experiment 5).
To foreshadow the results, we replicated the common finding of location specificity in the first experiment. In line with Wang et al. (2012) , we did not observe transfer of learning with the manipulation of passive exposure (Experiments 2 and 5). Instead, transfer of learning was complete and mutual in the third experiment, in which we used a new double-training procedure that was implemented on a trial-by-trial basis with two different stimuli for primary and additional trainings. However, when the amount of additional training was significantly reduced, then PL remained confined to the trained location, as attested in the last experiment.
Experiment 1
The first experiment was aimed at replicating the well-known specificity of PL for stimulus position.
Methods

Participants
Nine students from the University of Trento (6 females; mean age = 22) voluntarily participated in exchange for course credit or monetary compensation. All participants had normal or corrected-to-normal visual acuity and were naïve as to the purpose of the experiment. Written informed consent was obtained for each participant before beginning an experiment and the whole study was carried out in accordance with the Declaration of Helsinki, and with the approval of the local institutional ethics committee (Comitato Etico per la Sperimentazione con l'Essere Umano, University of Trento, Italy).
Apparatus
All experiments took place in a quiet, dimly illuminated room. Participants' head was stabilized with a chinrest, and visual stimuli were presented on a gamma calibrated monitor (CRT, 19 00 , 1024 Â 768, 100 Hz) located at a distance of about 60 cm. Stimulus presentation and data storage were managed by a custom-made program written using Matlab and the Psychophysics Toolbox 3.8. We monitored eye fixation using an eye tracker (EyeLink 1000 Desktop Mount, SR Research; 500 Hz sampling rate).
Stimuli
The target consisted of a Gabor patch. We used the following equation to represent a Gabor within a 60 Â 60 pixel patch:
Fðx; yÞ ¼ l 0 1-c cosð2pf ðx cosh þ y sinhÞÞ Á e x 2 þ y 2 2r 2 ;
with luminance l 0 = 45 cd/m 2 , contrast c % 25% (estimated according to the Michelson definition), spatial frequency f = 2 cycles per degree, Gabor's orientation h = 45°± a (Fig. 1A) , and standard deviation of the Gaussian envelope r = 0.2°.
On each trial the difference in absolute value between 45°and the Gabor's orientation (angle a, Fig. 1A ) was controlled by a 3-down 1-up staircase procedure. The sign of a, namely the sense of Gabor's rotation (clockwise or counterclockwise relative to 45°), was randomly determined for each trial.
Procedure
The experiment consisted of five consecutive daily sessions. Participants completed a training phase in the first four sessions and a testing phase in the last session. Each session included 800 trials equally divided in four blocks, and lasted about 45 min. A new staircase procedure was started at the beginning of each block of trials. We used the following parameters for each staircase: the initial value (orientation difference from 45°) was set at 6°, and the step size varied over time (0.5°for the first 4 reversals, 0.3°for the successive 6 reversals, and 0.1°for the remaining reversals).
The target was presented over a gray background (45 cd/m 2 ), at 7.5°eccentricity from a central fixation dot (a small white disk of diameter 0.2°). More specifically, on each experimental session the target appeared only at one of two possible different locations: either in the left upper quadrant or in the right lower quadrant. One location was used for training and the other for testing, in a counterbalanced order across participants. The target was presented in the same position for the entire duration of the training phase (e.g., in the left-top position), while in the final test session its location was swapped (e.g., in the right-down position).
The temporal structure of a trial was as follows (Fig. 1B) . The inter-trial interval was set at 1000 ms, and each trial started with the presentation of the target for 100 ms. After an interval jittered between 600 and 800 ms, the white fixation dot turned into green, signaling to participants that they could respond. Participants made unspeeded responses using a standard keyboard. In particular, they were asked to report whether the Gabor patch was rotated clockwise or counterclockwise relative to the 45°orientation. Incorrect target discriminations were signaled by auditory feedback. To promote high levels of engagement, participants were also provided with feedback on their performance at the end of each block. The feedback reported the degree of perceptual improvement (or deterioration) relative to the preceding block.
Eye movements
Participants were instructed to keep their gaze at fixation throughout stimuli presentation. Any deviation from the fixation window (a circle of radius 2.5°centered at the fixation dot) was promptly signaled by an auditory feedback. Trials in which an eye movement occurred were discarded from the analyses (<5%). For each participant the calibration of the eye tracker was performed at the beginning of each block of trials, during both the training and test phases.
Results and discussion
The dependent measure of interest was participants' accuracy in the orientation discrimination task. To assess the level of performance achieved by each participant in a daily session, we took the following steps. First, we estimated the threshold for each staircase run by computing the arithmetic mean of the last five reversals; then, we averaged the threshold values reached in that particular session. Because each session included four blocks of trials, and each block was controlled by an independent staircase, the average threshold was based on four values. An exception was made for the first session of the experiment: the initial block of trials was considered as practice and, therefore, excluded from the analyses. Fig. 1C depicts participants' performance as a function of the session number. Perceptual improvement is evident in the training phase, as revealed by a one-way ANOVA [F(3, 24) = 6.436, p = 0.002] with Session (ranging from 1 to 4) as factor. To assess the degree of learning transfer, we compared the level of performance reached in the (5th) test session with those achieved in the first and last (4th) training sessions. We adopted the following reasoning: if the comparison with the first session is statistically significant but the comparison with the last session of training is not, then transfer of learning is complete across locations. Conversely, learning is totally specific when the difference in performance between the test session and the first session of training is not significant, but a significant difference is observed relative to the last training session. As a further control, we also analyzed our data by calculating the mean percentage improvement (MPI; Wang et al. (2012) ) referred both to the 4th and 5th sessions. If the MPIs relative to the 4th and 5th sessions are significantly greater than zero, and if they do not differ from each other, then learning is completely transferrable. On the contrary, if MPI in the 4th session is significantly greater than zero, but MPI in the 5th session is not significant, and if the two MPIs do differ, then learning is totally specific.
As illustrated in Fig. 1C , the threshold increased in the test session as compared to the last session of training (p = 0.013, paired ttest), reaching a value that was not different from the one measured in the first session (p = 0.266, paired t-test). MPI analysis was also consistent with these results (MPI relative to the 4th session = 30 ± 18%, p = 0.006, paired t-test; MPI relative to the 5th session = 3 ± 29%, p = 0.835, paired t-test; the comparison between them was significant, p = 0.015, paired t-test). In other words, the improvement in performance was confined to the trained position, thereby replicating the well-documented finding of location specificity of PL (e.g., Fiorentini & Berardi, 1981; Schoups, Vogels, & Orban, 1995; Shiu & Pashler, 1992) . However, it is worth observing that our results were not in line with those of Zhang et al. (2010a) . Using a similar orientation discrimination task, Zhang and collaborators documented a complete transfer of learning, suggesting that location specificity ''is not necessarily a genuine property of orientation learning'' (Zhang et al., 2010a, p. 368) . By contrast, the evidence provided by the present orientation learning does not differ from other kinds of PL, generally characterized by location specificity.
Experiment 2
Xiao et al. (2008) have shown that a double-training procedure can enable complete transfer of PL across retinal locations. Their procedure consisted of two different tasks, one at the trained location and the other at the transfer location. In a subsequent study, Wang et al. (2012) manipulated the task relevancy and demand of the additional training to evaluate their effects on learning transfer. In particular, they observed that passive stimulus exposure at the transfer location did not facilitate the transfer of Vernier learning. However, in the paradigm of Wang et al. (2012) the target and the passive stimulus were presented simultaneously, and this aspect in the procedure could have explained the lack of location transfer. It is possible that most, if not all, attentional resources were focused on the target at the trained location, so that insufficient attention was allocated to the transfer location. To address this possibility and to test, with a different paradigm, whether learning generalization might be promoted by the presentation of a task-irrelevant onset at the transfer location, we adopted the following important change in the timing of stimuli presentation. We presented a black annulus (task-irrelevant stimulus) at the transfer location after, and not simultaneously with, the target appearance, which should have favored the allocation of attention to the transfer location. To reduce the possibility that the irrelevant stimulus habituated the attentional orienting response, the ISI was randomly jittered and the stimulus was omitted on 20% of trials.
Methods
Participants
Eleven students from the University of Trento (8 females; mean age = 22) voluntarily participated in exchange for course credit or monetary compensation. All participants had normal or corrected-to-normal visual acuity and were naïve as to the purpose of the experiment.
Apparatus and eye movements
The apparatus was the same as in Experiment 1. Trials in which an eye movement occurred were discarded from the analyses (<5%).
Stimuli
As in Experiment 1, with the exception that we also introduced a second visual stimulus consisting of a black outlined circle (1.5°i n diameter, 0.2°thickness, 1 cd/m 2 ). In the present and in the following experiments, stimuli only appeared at two locations, placed on the diagonal bisecting the second and fourth quadrant, at 7.5°e ccentricity from a central fixation dot (see Experiment 1).
Procedure
The experimental procedure was the same as in Experiment 1, except for a few changes in the temporal structure of the trial (Fig. 2A) . patch appeared for 100 ms at 7.5°eccentricity from a central fixation dot. After an interval jittered between 600 and 800 ms, the white fixation dot turned into green and participants could respond without any time pressure. Participants' task was to decide whether the Gabor patch was rotated clockwise or counterclockwise relative to 45°. The position of the Gabor was kept fixed throughout the training phase (e.g., in the left-top quadrant) and swapped in the test session (e.g., in the right-down quadrant). Stimuli are not drawn to scale. (C) Results from Experiment 1. Mean performance (threshold) in the Gabor orientation discrimination task plotted as a function of the session number. A significant improvement in performance (lower threshold) was observed over the training sessions. However, the increase in threshold shown in the test session indicated learning specificity for the trained location. Error bars represent SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
After an inter-trial interval of 1000 ms, the target was displayed for 100 ms. In the 80% of trials, a black outlined circle appeared for 100 ms at the location diametrically opposite the target location. The ISI was jittered between 500 and 700 ms. The fixation dot changed its color from white to green 300 ms after the offset of the second stimulus, thus prompting participants to respond. The positions of both stimuli were kept constant during the training phase (e.g., the target in the left-top position and outlined circle in the right-down position) and were swapped in the test session (e.g., the target in the right-down position and outlined circle in the left-top position).
Participants made unspeeded responses only to the orientation of the target. No task was associated with the outlined circle. As in Experiment 1, incorrect responses were signaled by auditory feedback. Moreover, participants were provided with feedback on their performance at the end of each block.
Results and discussion
We run the same statistical analyses as in Experiment 1. The aim of the present experiment was to test whether the presentation of task-irrelevant stimuli at the transfer location was sufficient to yield learning transfer. The ANOVA showed that a robust PL occurred during the training phase [F(3, 30) = 8.125, p < 0.001]. However, we failed to observe learning transfer across locations (Fig. 2B) , as indicated by the fact that the threshold increased in the 5th session as compared to the 4th session (p = 0.001, paired t-test), whereas no difference emerged between the 5th and 1st session (p = 0.145, paired t-test). The lack of learning transfer was also confirmed by the analysis based on mean percentage improvements (MPI relative to the 4th session = 31 ± 12%, p < 0.001, paired t-test; MPI relative to the 5th session = 9 ± 15%, p = 0.193, paired ttest; the MPI comparison between the 4th and the 5th session, which resulted significant, p < 0.001, paired t-test). This pattern of results indicated that passive stimulation of an otherwise untrained location is not sufficient to trigger transfer of learning from a different trained location.
Experiments 3 and 4
In Experiments 2, we tried to facilitate transfer of learning by presenting a task-irrelevant stimulus at the transfer location, which also likely served as an exogenous attentional attractor. Yet, we failed to observe learning generalization across retinal locations. The findings by Xiao et al. (2008) also confirmed by successive studies (Wang et al., 2012; Wang et al., 2013; Zhang et al., 2010b) , seem to indicate that performing a task at the transfer location is necessary for a double-training procedure to be effective. However, although in the aforementioned studies the tasks in the trained and transfer locations were different (e.g., orientation and contrast discrimination), the stimulus used for the additional training was basically the same as the one in the primary training (Gabor patch) (Xiao et al., 2008 ; but see Wang et al., 2012; Wang et al., 2013) .
In Experiment 3, we used a double-training procedure that differed from the original one (Xiao et al., 2008) in two important respects. Firstly, here the additional training involved two stimuli ('X' and 'Y' letters) that were completely different from the target presented in the primary training (Gabor patch); secondly, primary and additional trainings proceeded in parallel, namely participants performed the two tasks in sequence on a trial-by-trial basis. The first task, needed for the primary training, was performed at the training location; the second task, instead, was performed at the transfer location.
In Experiment 4, we investigated the role that the amount of additional training plays in favoring transfer of learning. Specifically, we tested whether a reduced training in the transfer location is sufficient to enable learning generalization.
Methods
Participants
Ten students (7 females; mean age = 19) and twelve new students (9 females; mean age = 20) from the University of Trento voluntarily participated in Experiments 3 and 4, respectively. All participants had normal or corrected-to-normal visual acuity and were naïve as to the purpose of the experiment.
Apparatus and eye movements
Stimuli
In addition to the Gabor patch, we used the letters 'X' and 'Y' as target stimuli (1°in size, contrast of 80%) in the letter discrimination task. A Gabor patch was presented for 100 ms at one of the two locations. After an inter-stimulus interval jittered between 500 and 700 ms, a black outlined circle appeared for 100 ms at the location not previously occupied by the Gabor patch. Participants' task was to discriminate the Gabor orientation, and to move voluntarily their attention toward the location occupied by the task-irrelevant stimulus. Participants were allowed to respond when the fixation dot changed its color from white to green. In the test session, the position of the Gabor patch was swapped and no other stimulus was presented. Stimuli are not drawn to scale. (B) Results from Experiment 2. Mean performance (threshold) in the Gabor orientation discrimination task plotted as a function of the session number. A significant improvement in performance (lower threshold) was observed over the training sessions. However, the threshold increased significantly in the test session, showing that learning was specific for the trained location. Error bars represent SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Procedure
Both experiments included five consecutive daily sessions. Participants were trained during the first four sessions and then tested in the last session. Each session comprised 640 trials divided in four blocks, for a total duration of about 45 min. A new staircase procedure regulating the Gabor's orientation was started at the beginning of each block of trials.
Stimuli were presented over the same gray background and at the same peripheral locations as in Experiment 2. Both locations were used for training and testing phases, in a counterbalanced order across participants. A certain type of stimulus was always presented in the same position for the entire duration of the training phase (e.g., a Gabor patch in the left-top position and a letter in the right-down position). Ceteris paribus, stimulus locations were swapped in the test session (e.g., Gabor patches in the right-down position and a letter in the left-top position).
In both Experiments 3 and 4, the temporal structure of a trial was as follows (Fig. 3A) . The inter-trial interval was set at 1000 ms, and each trial started with the presentation of a Gabor patch for 100 ms. In Experiment 3, after an ISI of 800 ms, a letter (X or Y) appeared for 50 ms at the location diagonally opposite to that occupied by the Gabor. In Experiment 4, instead, we presented a letter only in the 20% of trials. The fixation dot changed its color from white to green 300 ms after the offset of the second stimulus, thus prompting participants to respond.
Participants made unspeeded responses on a standard keyboard. In both experiments, they were asked to report whether the Gabor patch was rotated clockwise or counterclockwise relative to the 45°orientation. In addition, participants had to indicate which letter appeared (X vs. Y). In Experiment 4, only after a letter was presented, a question mark ('?'), displayed above the fixation dot, invited participants to respond to the letter discrimination task. As in the previous experiments, participants were provided with feedback in the Gabor task. No feedback was given on the letter discrimination task.
Results and discussion
We analyzed separately the threshold values (Gabor discrimination) and the d' values (letter discrimination) achieved in both tasks.
Experiment 3
The mean performances across participants are plotted in Fig. 3B and C. The ANOVA revealed a significant learning over the training phase in both the first [F(3, 27) = 17.001, p < 0.001] and second task [F(3, 27) = 8.772, p < 0.001]. Interestingly, the perceptual ability to discriminate the Gabor orientation transferred completely to the new location (Fig. 3B) . Performance was better in the 5th session than in the 1st session (p = 0.034, paired t-test), while there was no difference between the 4th and the 5th session (p = 0.08, paired t-test). We obtained similar results analyzing MPI values (MPI relative to the 4th session = 35 ± 13%, p < 0.001, paired t-test; MPI relative to the 5th session = 24 ± 22%, p = 0.036, paired t-test; the MPI comparison between them was not significant, p = 0.064, paired t-test). Interestingly, also the ability to perform the letter discrimination transferred completely from one location to the other (Fig. 3C) . Performance increased in the test session (p = 0.019, paired t-tests) attaining the same level as before the position swap (p = 0.684, paired t-tests). As for the letter discrimination task, we did not follow the statistical approach based on MPIs because some percentage improvements were exaggeratedly big (d 0 around zero in the denominator) or, even worse, negative (d 0 around zero but negative), albeit associated to an increase in performance.
Experiment 4
We still observed a significant learning over the training phase in both the first [F(3, 33) = 13.765, p < 0.001] and second task [F(3, 33) = 3.322, p = 0.032]. However, with a drastic reduction of the additional training (20% of the trials), the perceptual ability to discriminate the Gabor orientation did not transfer to the new location (Fig. 4A) . The pairwise comparison between the 4th and the 5th session was statistically significant (p = 0.002, paired ttest), but not the comparison between the 5th session and the 1st session (p = 0.447, paired t-tests), therefore showing a complete specificity. The analysis of MPIs confirmed that learning was totally specific (MPI relative to the 4th session = 30 ± 10%, p < 0.001, paired t-test; MPI relative to the 5th session = 5 ± 18%, p = 0.537, paired t-test; the MPI comparison between them was significant, p = 0.002, paired t-test). Furthermore, an analogous After the offset of the Gabor, a second task-relevant stimulus (a 'X' or 'Y' letter) was presented at the other position. In Experiment 4, the second stimulus was presented only in 20% of trials. Participants had to perform a dual task: first they had to respond to the usual Gabor orientation discrimination task by pressing the left or right arrow on the keyboard; then they had to discriminate between 'X' and 'Y' by pressing the 'x' key or the 'z' key, respectively. In both Experiments 3 and 4, participants were allowed to make their responses in sequence, once the color of the central dot turned into green. Only in Experiment 4, in those trials containing the double stimulation, a question mark ('?') appeared just after the first response was made, to invite participants to respond to the letter discrimination task. Gabor and letter positions were swapped in the test session. Stimuli are not drawn to scale. (B) Mean performance (threshold) in the Gabor orientation discrimination task plotted as a function of the session number. A robust learning occurred over the training phase. Remarkably, a complete transfer of learning was observed across different locations. (C) Mean performance (d 0 ) on the letter discrimination task plotted as a function of the session number. The ability to discriminate between letters improved significantly over the training sessions. Interestingly, the performance obtained in the test session was not different from that obtained in the last session of training. Error bars represent SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) pattern of results emerged from the analysis of the second task (Fig. 4B) . Performance decreased in the 5th session as compared to the 4st session (p = 0.035, paired t-test), while there was no difference between the 5th and the 1st session (p = 0.384, paired t-test).
Experiment 5
In Experiment 2, we extended the findings of Wang et al. (2012) showing that passive stimulation at the transfer location is not sufficient to facilitate learning generalization. In Experiment 3, we proposed a variation of the original double-training procedure that enabled a bi-directional transfer of PL. From these results, along with those of Yu and colleagues (Wang et al., 2012; Wang et al., 2013; Xiao et al., 2008; Zhang et al., 2010b) , we can conclude that performing an additional task at a new retinal position is necessary for location transfer to occur. To further support the conclusion that transfer is promoted only when the additional stimulation is task-relevant, we changed the procedure of Experiment 3 in just one important respect: the letters (X or Y) were presented passively, namely no letter discrimination task was required. The present experiment, together with Experiment 3, can be thought of as a between-subject study, in which we singled out the role of the secondary task in the framework of transfer of PL.
Methods
Participants
Eleven students from the University of Trento (10 females; mean age = 21) voluntarily participated in exchange for course credit or monetary compensation. All participants had normal or corrected-to-normal visual acuity and were naïve as to the purpose of the experiment.
Apparatus and eye movements
Stimuli
As in Experiment 3.
Procedure
As in Experiment 3, with the only exception that the letters (X or Y) served as a passive stimulation. Participants performed the usual Gabor discrimination task, while being exposed to additional task-irrelevant letters.
Results and discussion
The goal of the present experiment was to emphasize the importance of performing a secondary task, as compared to the passive exposure to irrelevant stimuli. To achieve this goal, it is useful to interpret the results in light of those obtained in Experiment 3. It is worth reminding that the only difference between the present experiment and Experiment 3 was related to the role of the additional stimulation, which was in one case task-irrelevant (present experiment) and in the other case task-relevant (Experiment 3).
As in Experiment 3 and in all other experiments, a robust improvement in the ability to discriminate the orientation of Gabor patches emerged across the training sessions [F(3, 30) = 10.635, p < 0.001]. However, differently from Experiment 3, in which learning transfer was complete, here learning was totally specific (Fig. 5A) , as indicated by the fact that the threshold estimated in the 5th session did not differ significantly from the threshold observed in the 1st session (p = 0.304, paired t-test), whereas a statistically significant difference was found between the 5th and 4th sessions (p = 0.039, paired t-test). The complete specificity across locations was also confirmed by the analysis based on mean percentage improvements (MPI relative to the 4th session = 28 ± 11%, p < 0.001, paired t-test; MPI relative to the 5th session = 5 ± 8%, p = 0.603, paired t-test; the MPI comparison between the 4th and the 5th session was significant, p = 0.010, paired t-test). Thus, for location transfer of learning to occur, an additional task needs to be performed.
Comparative analysis between experiments
In the present study, we have illustrated five experiments, each aimed at testing transfer of PL under different conditions. When putting together the results coming from all the experiments, a clearer picture seems to be forming: learning of fine orientation discrimination is usually specific for retinal location (Experiment 1); passive stimulation at a new retinal position is not sufficient to promote generalization of learning across locations (Experiments 2 and 5); task-relevant stimulation at a new retinal position is sufficient to induce location transfer of PL (Experiment 3), provided that the task-relevant stimulation is delivered for a congruous number of trials (Experiment 4). In theory, the pattern of results illustrated above should be explained by the learning process that occurred during training and that was differentially influenced by the particular set of conditions presented in each experiment. However, an alternative explanation could be consistent with the observed results. It could be argued that the execution of a secondary task can affect the level of performance on the primary task, and in turns, different levels of performance can favor different levels of learning transfer. If this were the case, learning generalization enabled by an additional task would be just a by-product. Put it another way, the observed results could be explained in terms of performance during training, and not as the direct consequence of a different learning process elicited by the introduction of an additional task at the transfer location.
To control for this, we compared -across experiments -the improvement in performance that participants achieved in the Gabor orientation discrimination task (Fig. 5B) . In spite of substantial changes in the various experimental procedures, we did not find significant differences in performance during the training phases, as attested by a two-way ANOVA, with Session ranging from 1 to 4 as a within-subject factor, and Experiment ranging from 1 to 5 as a between-subject factor. Not surprisingly, the main factor Session resulted significant [F(3, 144) = 50.937, p < 0.001] . However neither the factor Experiment, nor the interaction Session Â Experiment reached statistical significance [F(4, 48) = 1.169, p = 0.336 and F(12, 144) = 0.765, p = 0.685, respectively] . The independence of performance from the different experimental procedures strengthens the fact that the variables we have manipulated directly influenced the learning process so as to produce positive or negative effects on learning transfer.
General discussion
Recent years have seen an increasing amount of interest in PL, and particularly on the mechanisms driving specificity and transfer of learning. Several innovative studies have contributed to a better understanding of the factors determining the extent of learning generalization. It has been suggested, for instance, that sensory adaptation is one of the causes of specificity. When adaptation is removed, complete generalization to a new location can be observed (Harris, Gliksberg, & Sagi, 2012) . Evidence for learning transfer emerged also from another study revealing an interesting link between PL and perceptual grouping, thus bridging two fields that may have been perceived as unrelated (Mastropasqua & Turatto, 2013) . In particular, in line with the observation that attention enhances PL and that attentional allocation is affected by perceptual grouping, we found that learning is stronger for stimuli that are perceptually grouped with the attended one, and crucially that perceptual grouping seems to promote location transfer of learning (Mastropasqua & Turatto, 2013) .
Not only can PL generalize across different retinal locations or stimulus features, but it can also transfer from one visual task to another (McGovern, Webb, & Peirce, 2012) . Specifically, it has been proposed that the complexity of the tasks employed in the training and test phases may be a determinant of learning generalization. It is worth noting that, in the abovementioned study transfer of PL between different visual tasks could have been determined by the partial overlap of the neural processing induced by the tasks. Although they required very different judgments, all tasks used similar sensory input (i.e., array of Gabor patches distributed in the visual field to form distinct configurations). In fact, a partial overlap of neural processing could have also favored transfer of learning in the original double-training procedures (Xiao et al., 2008; Zhang et al., 2010b) .
By contrast, in the present study we directly addressed the possibility that the additional training might be effective even when the stimulus has little in common with that used in the primary training. Hence, in Experiments 3 and 4, we tried to maximize the differences between primary and additional training in terms of both stimulus and task parameters. In line with Wang et al. (2013) , the results from Experiment 3 showed that the second training does not need to be akin to the first one to enable complete location transfer. We also tried to optimize the double-training procedure by interweaving the two tasks within the same trial. In their original work, Yu and colleagues (Xiao et al., 2008; Zhang et al., 2010b ) have designed a procedure in which participants were exposed first to a primary training and then to an additional training. Primary and additional trainings were performed either in alternating blocks of trials or, alternatively, the additional training started once the primary training was complete, with an ensuing increase of the overall amount of experimental sessions. Our variant of the double-training procedure has the merit of being both effective and time saving. While enabling complete transfer of PL, it allowed us to reduce not only the total number of experimental sessions, but also the duration of each session.
We also observed an interesting similarity between the learning patterns of the two tasks. Not only the ability to discriminate the Gabor's orientation transferred to the new location, but also the improvement in the letter discrimination task proved to be transferrable. Although it is not obvious why, this remarkable and novel effect may have been produced by our variant of the double-training procedure. According to previous work, instead, when the additional training is performed after the primary training, learning of the second task appears to be specific for the retinal location (Zhang et al., 2010b) . Thus, interweaving the two trainings on a trial-by-trial basis is probably also advantageous in terms of learning generalization.
However, results from Experiment 4 suggested that performing the second task only in 20% of trials was not sufficient to induce transfer. While it is conceivable that the Gabor orientation task did not transfer to the new location because the additional training was minimized, the specificity, or lack of transfer, of the letter discrimination task is more difficult to explain, for at least two reasons. Firstly, it is at odds with the work by Jeter at al., (2010; also see Mastropasqua & Turatto, 2015) according to which learning generalization should be more pronounced the less intensive the training phase is. Secondly, the Gabor discrimination task, which served as additional training for the letter discrimination task, was performed in all trials and, therefore it should have enabled transfer of learning. At present, it is not clear why, under these experimental conditions, the first task did not favor learning generalization of the second task. Further empirical work is needed to address this issue.
Overall, our findings seem to indicate that performing an additional task in all trials is sufficient for transfer of learning to occur. This is suggested by the results of Experiment 2 and, even more clearly, by the results of Experiment 5, in which we directly tested the possibility that passive stimulation at the transfer location could have been sufficient to make learning generalizable. Our results are in line with Wang et al. (2012) in showing that passive exposure at the new location does not enable learning transfer. However, our paradigm differed from that employed by Wang et al. (2012) in one important respect: the presentations of taskrelevant and task-irrelevant stimuli were separated in time, making the transient and unpredictable appearance of the irrelevant stimulus a distinct bottom-up event that very likely attracted exogenous attention (Yantis & Jonides, 1984) . Moreover, in Experiment 2 participants were explicitly informed that the position marked by the black outlined onset circle was relevant because the Gabor-orientation task would have been tested in that position during the last session of the experiment. In our view, this procedure engaged both exogenous and endogenous attention, but we cannot exclude that repeated passive stimulation may have led to habituation or, even worse, that participants could have learned to suppress task-irrelevant stimuli because distracting. However, regardless of any role of attention, the most conservative interpretation of our results is that passive stimulation is not sufficient to promote location transfer of learning. By contrast, when stimulation is complemented by the execution of a task, as in Experiment 3, then PL becomes transferrable.
Studying the conditions under which PL is transferable across different retinal locations might also have practical and clinical implications. Indeed, although specificity is a defining property of PL, it represents a limit to the therapeutic function of PL. Especially in the case of stroke patients, PL could turn out to be essential for rehabilitation from sensory deficits. But for learning to be useful as a recovery tool, it must generalize to other stimuli, spatial positions, and tasks. The present study contributes to the understanding of one of the most relevant issues in the field of PL, namely of what determines specificity rather than transfer of learning across different spatial locations. It adds to a developing literature (Schaefer & Lang, 2012; Wang et al., 2012; Wang et al. 2013; Xiao et al., 2008; Zhang et al., 2010b) supporting the idea that a double training can induce generalization of PL.
To summarize, our results suggest that, for location transfer to occur, (i) passive exposure seems to be not sufficient, (ii) a second task needs to be performed in the new location for an adequate number of trials, and (iii) the second task can involve stimuli that are entirely different from those used in the first task. Moreover, not only can the additional training enable complete location transfer of PL associated with the first task, but likewise the primary training can favor learning generalization of the second task.
These findings are in line with the rule-based learning model, according to which a central decision unit is hypothesized to learn the rules for accomplishing a perceptual task efficiently (Zhang et al., 2010b) . However, much remains to be elucidated about how this high-level unit works. For instance, one may wonder whether, and to what extent, the central unit is sensitive to changes in decisional factors. To date, learning transfer has been achieved by using a 2AFC task in both the primary and the additional training. But is learning still transferrable if the two tasks differ in terms of response alternatives or response criterion? Further research is needed for a better understanding of the mechanisms allowing transfer of PL.
